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Introduction
As catalysts, enzymes offer advantageous properties including dramatic rate enhancements, complete control over absolute stereochemistry, and nontoxic biodegradation. Yet a fundamental limiting factor in the use of enzymes for chemical synthesis, bioremediation, therapeutics, and other applications is the availability of enzymes with the required activities, specificities, and tolerances to reaction conditions. It is therefore a major goal of computational protein design to be able to reliably create completely new protein catalysts with specific properties on demand.
A catalyst by definition must reduce the energy barrier for formation of the transition state. To design transition-state-stabilizing interactions, computational protein design groups have incorporated transition-state or high-energy intermediate state structures into design calculations. These efforts have yielded experimentally verified new catalytic proteins. [1] [2] [3] However, substantial challenges still prevent routine or reliable design of enzymes. One major challenge is in finding energy functions that are fast enough for large calculations but that still provide informative approximations of electrostatic and desolvation effects in the protein environment. 4, 5 This paper focuses on another fundamental challenge, the need to represent the large translational, rotational, and conformational freedoms of a small molecule within already astronomically large sequence design calculations.
Here we define protein design as the selection of amino acid sequences such that the resulting protein occupies a given three-dimensional fold and has desired functional properties. Earlier experiments sought to redesign full protein sequences or confer increased thermostability, 6, 7 but newer work has successfully introduced other properties including catalytic activity, conformational specificity, ligand affinity, and even novel protein folds. [1] [2] [3] [8] [9] [10] In these examples, side-chain placement algorithms were used to select from a set of discrete, probable side-chain rotamers using energy functions tuned to produce thermostable proteins. These calculations represent difficult optimization problems 11 and they can also be large-a sample calculation performed on a typical enzyme active site yields more than 10 65 possible sequence combinations, even when excluding movements of the small molecule.
The computational demands of sequence selection prevent ligand positioning using standard docking procedures, which often approximate or neglect side-chain flexibility. 12 Approaches developed specifically for the purpose of enzyme and binding site design have introduced other schemes to limit the calculation size. Looger et al. used stationary, inflexible ligand poses in a large number of individual protein design calculations and demonstrated experimentally that several of the resulting proteins had high ligand affinity. 9 Lilien et al. reported and experimentally validated an ensemblebased method that allows ligand translation and rotation simultaneously with side-chain optimization but only permits mutation of two or three amino acid positions at a time. 13 Chakrabarti et al. described a method for sequence design that neglects conformational and positional ligand flexibility and has not been experimentally tested. 14, 15 To design new enzyme active sites, a ligand placement method must be able to select side chains in many positions and must consider rotational, translational, and 
Results and discussion
We have implemented and tested a process for incorporation of small molecules into computational protein design calculations. The procedure is general and may be used to place ground-state ligands or transition-state structures. It is also amenable to multi-state design methods that seek to explicitly reflect the energy difference between reactant and transition states or between alternative ligands.
General calculation procedure
Each ligand placement calculation comprised five steps. In the first step, a large number of discrete variations of ligand coordinates was created. Initial sets of orientations were created by one of two methods, either simple rotation and translation or a targeted placement approach, both of which are discussed in more detail in subsequent sections. In the tests described here, each set of ligand variations contained 10 6 -10 9 members, reflecting rotational and translational movement as well as internal conformational flexibility.
Next, the large number of substrate orientations was reduced to a manageable number (< ~ 20,000) using both a simple hard-sphere steric potential to check for backbone clashes and a set of user-defined geometric criteria for side-chain/ligand contacts. In this work, geometric criteria were defined to reflect the distances, angles, and torsions characteristic of important catalytic contacts observed in the crystal structures ( Figure 1 ). In designing an enzyme with no naturally existing precedent, ideal contact geometries would be based on chemical intuition and/or quantum mechanical calculations. The geometric criteria were applied as follows. For every ligand variation, each of the geometric criteria was tested for satisfaction by contacts from any possible amino acid side-chain conformation in all designed protein positions. If a ligand variation was not able to make at least one of each type of user-specified contact, that ligand variation was discarded from the set. After geometric and steric pruning, the ligand variations remaining were only those theoretically capable of making each of the user-specified contacts. In the third step, pairwise energies for all side-chain/side-chain, sidechain/backbone, backbone/ligand, and side-chain/ligand interactions were calculated using the full force field. In our work, this normally includes a scaled van der Waals 1 term, 24 hydrogen-bonding and electrostatic terms, 25 and a solvation potential. for the same purpose. We favor the use of adjustable bias energies that can be tailored for specific purposes and investigated as a design variable.
To implement the bias, user-specified energies were added or subtracted from pairwise side-chain/ligand interaction energies. We use the energy bias under two regimes, one for normal design calculations and another for rapid assessment of catalytic residue arrangements within a protein scaffold. In normal design calculations, a small energy benefit is simply applied to favor specified types of side-chain/ligand contacts.
Alternatively, to quickly identify potential catalytic residues, exaggerated energetic benefits and penalties are applied together. A very large energy benefit is given for desired types of pairwise interactions (100 kcal/mol was used in the test cases reported here). An even larger energy penalty (10,000 kcal/mol here) is applied to all other pairwise side-chain/ligand interactions, except when the side chain is alanine or glycine.
In other words, the energy penalty forces all designed side chains to alanine or glycine unless they participate in user-specified catalytic contacts with the ligand. Although this process clearly does not yield physically relevant energetics, it offers a useful tool to investigate the catalytic conformational space within a binding pocket. The tests performed here to study the effect of sampling parameters on calculation results took advantage of this second approach. Calculations performed to demonstrate sequence selection utilized the normal design approach of applying a simple energy benefit to catalytic contacts.
Finally, in the fifth step, optimal sequences were identified using the FASTER 28, 29 or HERO 30 search methods. In the test cases described here, the result reported is the lowest-energy sequence with the maximal number of specified contacts.
Rotation-translation search
Simple rotation and translation can be used to fill the active site with an initial set of ligand variations in the first step of the process described. Because discrete steps must be used to rotate and translate the ligand, we evaluated the sensitivity of the calculation results to rotational and translational step sizes. A series of calculations was performed using an alanine-containing active-site background, as discussed in step 4 above. We first tested different rotational step sizes using the crystallographic translational starting position with three initial random rotations. Backbone-dependent and backboneindependent rotamer and conformer libraries were tested. Each side-chain library was tested with and without inclusion of the specific crystallographic side-chain rotamers from the structure under examination.
As seen in Table 1 , the results of these calculations (in terms of both RMSD relative to crystallographic position and number of wild-type contacts) were strongly dependent on the both the rotational step size and the rotamer library used. In the case of chorismate mutase, only the backbone-independent conformer library was able to find native-like geometry and contacts. Figure 2 shows results from this library with the 5° step size. When the crystallographic rotamers were included in the calculation, however, all four libraries returned native-like results. It should be noted that none of the three test case structures were included in the set of structures used to create the conformer libraries. The backbone-independent conformer library appeared the most consistently successful with the other two test cases as well, although it showed strong dependence on rotational step size in streptavidin. Next, we tested various combinations of rotational and translational step sizes starting from random initial ligand positions and using only the backbone-independent conformer library ( Figure 3 , Table 2 ). The crystallographic rotamers from the structures under investigation were not included in these calculations. The results show that, subject to the constraints imposed by the geometries defined in the pruning step and the biasing step, more than one combination of rotational and translational step size is viable for each test case and the sensitivity of the result to step size varies among the test cases. 
Targeted ligand placement
A second approach places the small molecule with reference to a contacting side chain ( Figure 4) . In this approach, one or more small molecule variations are placed for every rotamer of the selected contacting side chain in every putative active-site position.
This process has the advantage that ligand poses are targeted more efficiently to orientations that are able to make productive side-chain contacts. Previous computational enzyme design work utilized similar approaches. 1, 16, 17 In contrast to previous methods, however, our procedure does not maintain any association between the targeting rotamer and the small molecule-once the set of ligand conformations and orientations is constructed in step one, the ligand variations are all subjected to pruning, pairwise energy calculations, and optimization as independent entities in the calculation. An implication of this procedure is that a ligand may engage in a catalytic contact with a rotamer, amino acid, or protein position that differs from those of the side-chain rotamer that was originally used to place that ligand. For a given side-chain rotamer, small molecule ligands are placed such that they are able to meet specified geometric criteria. This is repeated for every possible conformation of the amino acid at every designed position. Shown is a subset of orientations of a chorismate mutase transition-state structure in contact with one conformation of arginine.
We tested the effect of four types of side-chain libraries on the ability of a targeted placement process to find wild-type-like ligand positions and contacts. For the three test cases, the following side-chain contacts were used to anchor the ligand:
chorismate mutase, C11 carboxylate to arginine; streptavidin, N1 to aspartate; triosephosphate isomerase, O2 and O3 to histidine. For each contact type, variations were allowed in the geometry of the contact, including the contacting atoms (NH1-NH2
vs. NE-NH1 for arginine) and variations in defined distances, angles, and dihedrals of the contact.
As with the rotational and translational search, success in achieving native activesite conformations was highly dependent on the side-chain library used (Table 3) . Only the backbone-independent conformer library yielded results for all three test cases that were comparable to those with crystallographic rotamers included. Using that library, all three systems returned all wild-type contacts with low ligand RMSD relative to the crystallographic position. As with the rotation/translation search, the chorismate mutase case showed the strongest sensitivity to rotamer library. Inspection of the structures revealed that an arginine side chain (Arg 28) occupies a conformation in the inhibitorbound, active enzyme structure that was not well approximated in the other rotamer libraries.
The targeted placement approach allowed a thorough and directed search of active-site conformational space, including between 10 6 and 10 9 small-molecule orientations and conformations spread throughout the active site. In contrast to the rotation/translation method, a full active-site search took between one and eighteen hours to complete using the backbone-independent conformer library and no initial starting position was required. This method offers an efficient first step for defining active-site geometry in a new protein scaffold. One shortcoming is that it may be difficult to 
Sequence design
The computational tests described in the previous sections were designed to evaluate the effects of calculation parameters on recovery of native enzyme geometries, and the design of active-site residues was limited to catalytic side chains. However, the general procedure described here is equally amenable to full active-site design calculations.
In previously published work, 18 active site residues of E. coli chorismate mutase were redesigned simultaneously with rotational and translational relaxation of the transition-state structure from the starting crystallographic position. 31 The six predicted mutations were experimentally investigated and some were found to confer increased catalytic efficiency or thermostability. 31 A detrimental mutation predicted in the study underscored the importance of continued work on energy functions. In the calculation that motivated this experimental work, the initial starting position of the small molecule was taken from the crystal structure and a limited degree of rotational and translational optimization was employed.
We performed a test calculation to demonstrate that small molecules can be placed simultaneously with full active-site side-chain optimization, without reference to any known starting position. In a sample calculation using E. coli chorismate mutase, the targeted placement method was used to identify 10 7 small-molecule variations. In this example, after the geometric pruning step and elimination of variants with backbone steric clashes, 155 small-molecule variations remained. These variants were evaluated combinatorially with ten different side-chain identities in twelve active-site positions.
Using FASTER for optimization, the calculation took approximately 9 hours to complete on a 16-processor cluster with about 70% of the total calculation time consumed in calculating a surface-area-based solvation term.
Conclusions
The described procedures allow the incorporation of small-molecule placement directly into sequence design calculations. The test calculations performed suggest that the results of computational enzyme design processes can be quite sensitive to calculation parameters, including the rotamer library used and the coarseness of ligand positioning.
These results emphasize that the conformational space of a calculation must be explored before meaningful conclusions can be reached about energy functions.
Given that we still have much to learn about the complex relationship between protein structure and catalytic activity, 32, 33 luck and choice of system may continue to play a role in the success of de novo computational enzyme design efforts for some time.
However, the power of computational enzyme design to stringently evaluate our understanding of the energetics of catalysis should not be overlooked. Experimental feedback gained from both successful and unsuccessful designs will make it possible to critically examine energy functions for modeling active sites. Employing quality transition-state structures derived from ab initio calculations and experimental evidence will help computational design experiments to provide more meaningful information about the effectiveness of energy functions. The use of large side-chain structural libraries and fine movements of transition-state structures will help to reduce errors from conformational sampling. Backbone relaxation and multi-state design will offer other important tools to improve the value of design calculations. Finally, the construction of gene libraries or large numbers of computationally designed variants has great potential for overcoming the shortcomings of enzyme design models, 34 but results from these experiments will be most useful for furthering our understanding of catalysis and design if both active and inactive variants are reported. By critically evaluating current methods for computational enzyme design, we will move closer to a deeper and more practically useful understanding of the sequence determinants of enzyme activity in the future.
Methods

Structures and charges
PDB files were used without minimization (E. coli chorismate mutase, 1ecm; 35 S.
avidinii streptavidin, 1mk5;
36
S. cerevisiae triosephosphate isomerase, 1ney).
37
Hydrogens were added with Reduce.
38
A library of ligand internal conformations was created for each system as follows.
Chorismate mutase: An HF/6-31G* ab initio transition-state structure 39 was used with only one variation-the O4 hydroxyl proton was allowed to occupy three positions, 60°, 180°, and -35°, defined by the H-C-O-H dihedral angle. The minima in a torsional profile at the HF/6-31G* level were at approximately 180° and -35°, and 60° was included as an option because hydrogen-bonding patterns in chorismate mutases from other species suggested population of that region of torsional space. Streptavidin: Four rotatable bonds in biotin were allowed to occupy three positions each (60°, -60°, 180° for sp3-sp3 bonds and 30°, 90°, 150° for the symmetric carboxylate group). Thirty-four conformations were excluded because of high internal energy calculated using the van der Waals component of the DREIDING force field. 40 Triosephosphate isomerase: The pdb structure used was the Michaelis complex with the substrate dihydroxyacetone phosphate. In ground-state dihydroxyacetone phosphate, two rotatable bonds (defined by the P-O-C-C and C-C-O-H dihedral angle) were allowed to occupy three positions each (60°, -60°, 180°). Three conformations were excluded because of high internal DREIDING van der Waals energy.
Ligand atomic charges were obtained by fitting charges to electrostatic potential from HF/6-31G* single-point energy calculations using 19 the transition-state structure (chorismate mutase) or crystallographic ground-state structure (biotin, dihydroxyacetone phosphate). Ab initio calculations and charge determinations were performed using Spartan (Wavefunction, Inc.) or Jaguar (Schrödinger, Inc.).
Side-chain rotamer libraries
Standard backbone-dependent and backbone-independent rotamer libraries were used with expansion by one standard deviation about χ1 and χ2.
Crystallographic conformer libraries were prepared using coordinates from 149,813 side chains selected from 1011 unique structures. A clustering algorithm was developed based on ideas described by Shetty et al. 22 and is described briefly here. Every side-chain conformation from the raw data set is assigned to exactly one cluster. Each cluster is represented by the centroid, which is the member with coordinates closest to the average coordinates of all cluster members. A conformer library consists of a list of all of the cluster representatives and their coordinates. In our clustering algorithm, clusters are assigned through discrete clustering moves: Switch allows a single raw conformer to leave one cluster and join another; Merge combines two clusters into one; Split allows a raw conformer to start a new cluster on its own. These moves are depicted in Figure 5 . RMSDs between pairs of conformers are compared to determine whether or not to apply a particular move. Switch is applied so that each raw conformer is a member of the cluster whose centroid is closest to it. Merge and Split are applied based on the value of the clustering parameter p: two clusters are merged if their centroids are within p of each other, whereas a conformer splits off and starts a new cluster if the closest centroid of any existing cluster is farther than p from it. The clustering moves are applied as follows until the number of clusters converges:
1. Start with a small number of clusters (1 was used in this work), and randomly assign a single raw conformer to each as the sole member and cluster representative.
2. Assign each raw conformer in the data set to the cluster whose centroid is closest.
3. While the number of clusters is not converged:
a. Iteratively attempt to Merge pairs of clusters until no cluster can be further merged.
b. For each conformer C:
i. Measure the distance d between C and the centroid of every existing cluster.
ii. If the distance d to the closest cluster centroid is greater than p, Split C off as its own cluster.
iii. Else, Switch C to the closest cluster.
iv. Recompute the centroid for every cluster that has changed membership.
The algorithm allows the construction of both backbone-dependent and backboneindependent libraries to custom sizes by using clustering factor p to define the desired degree of similarity between independent conformers. In this work, clustering factors of 0.3 Å and 1.0 Å were used for backbone-dependent and backbone-independent rotamer libraries, respectively.
For all calculation types, conformer libraries were smaller than the standard rotamer libraries. As an example, the number of side-chain conformations for the chorismate mutase calculations described in Table 3 were as follows: backboneindependent rotamer, 14229; backbone-independent conformer, 5955; backbonedependent rotamer, 7945; and backbone-dependent conformer, 5539.
Calculation parameters
All non-Gly, non-Pro residues reasonably within the natural active sites were included in calculations. Residues with any atom within a 5 Å radius from any atom in the crystallographic ligands were included, less those residues separated from the natural ligand by backbone elements and plus a few adjacent residues not within the 5 Å cutoff. In ligand placement test cases, designed residues were restricted to ligandcontacting residues or alanine as follows: Arg, Lys, Gln, Glu, or Ala in chorismate mutase; Ser, Asn, Tyr, Asp, or Ala in streptavidin; and Glu, His, Lys, or Ala in triosephosphate isomerase. Four calculations on triosephosphate isomerase were run as smaller component calculations, as indicated in Table 2 , because of prohibitive size as a single calculation.
Energy functions and optimization
Energy functions included scaled van der Waals, 24 hydrogen-bonding, and electrostatic terms. 25 A surface-area-based solvation potential 27 was used in sequence design calculations but not for ligand placement, where solvation energy would have been heavily outweighed by geometric considerations. Sequences were optimized with respect to the energy function using FASTER 28, 29 or HERO. 30 On occasion, a top-ranked sequence contained more than one instance of a given specified geometric contact, owing to the energy benefit applied for these contacts. In these cases, Monte Carlo 41, 42 was used to sample around the global minimum energy sequence, and the top-ranked sequence with a single instance of each geometric contact was reported.
